Background {#Sec1}
==========

Life-history traits are considered important in the evolution of species; one example is the evolution of life history that causes humans to age. The basic concept stems from the disproportion of young individuals in a population as the result of age-associated increases in extrinsic mortality \[[@CR1], [@CR2]\]. Selective forces acting on young individuals are greater, allowing beneficial early-life alleles to be selected for even if they are detrimental in later life \[[@CR1], [@CR2]\]. This intrinsic mortality manifests as a decline in all body systems followed by progressive deterioration of physiological functions as individuals age (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR3], [@CR4]\]. While reproductive ability also declines with age, reproductive senescence (aging) is unique in that it follows an accelerated decline relative to other physiological functions \[[@CR3], [@CR5]--[@CR7]\]. Termination of reproductive function is observed at roughly 50 years of age yet, in the absence of this accelerated decline, it could be extended to 70 years of age \[[@CR3], [@CR5]--[@CR7]\]. Furthermore, this rapid decline in reproductive ability is found uniquely in females; male reproductive senescence patterns follow the same gradual decline shown in other physiological functions \[[@CR3], [@CR5]--[@CR7]\]. Fig. 1Comparative senescence of physiological functions in human females. Taken from Peccei, 2001; redrawn from Hill and Hurtado, 1991 \[[@CR3], [@CR4]\]

Accelerated reproductive decline in females conflicts with classic evolutionary theory^2^. Reproduction is the mechanism allowing for the transfer of genes that promote survival and thus is crucial to organismal fitness. To cease reproduction early, which releases selection for genes promoting survival, is non-adaptive as, from an evolutionary perspective, being fertile until death would, ceteris paribus, maximize organismal fitness. This is the life history strategy observed in most animal populations, including chimpanzees and other primates, the closest living relatives to humans \[[@CR2], [@CR8]\]. Despite this seemingly contradictory nature of early reproductive decline, menopause (reproductive cessation with post-reproductive lifespan) is universal in all women.

Studies involving menopause revolve around two perspectives: a medical perspective with a view to understanding post-menopause women's health \[[@CR9]\], and an evolutionary perspective with a view to understanding its origin and evolution \[[@CR10]\]. Evolutionary research on menopause revolves around the forces contributing to the evolution of the menopause trait in female reproductive history, which are broadly summarized into adaptive and non-adaptive approaches. The adaptive view examines selective pressures favoring early reproductive decline to increase fitness, such as increased maternal investment or trade-off from grandparenting, in the evolution of menopause \[[@CR11], [@CR12]\]. The non-adaptive approach does not view menopause as the direct result of selection. Menopause is considered an artifact revealed by the relatively recent increase in lifespan or the result of antagonistic pleiotropy, where early fertility is favored at the cost of late fertility \[[@CR3], [@CR11]\]. More recently, using a population genetics approach, menopause was proposed as the non-adaptive outcome of the accumulation of infertility mutations rendered neutral due to male preference for younger women and, as a result, the exclusion of older women from reproduction \[[@CR10]\]. While the debate centers on the origin of menopause, there is a pertinent need to understand when menopause was introduced over the course of human evolution and whether it is still evolving in terms of its pre- and post- menopausal effects on fitness and health.

Approximations for the timing of the appearance of menopause can be suggested based on the theories of the origin of menopause. The Grandmother Theory posits that grandmothers assist with raising their grandchildren to improve their survival and reproductive success, rather than continuing reproduction to older ages, which would pose an increased risk to the mother \[[@CR3]\]. This strategy would increase fitness, making survival to older ages advantageous and increase selection for late-life alleles, which ultimately slows the aging of physiological processes. In general, slower aging comes at a cost of reduced fertility at younger ages \[[@CR12], [@CR13]\]. The appearance of delayed maturity, a representation of delayed aging, was estimated at 1.5 million years ago, which suggests that menopause is an old trait \[[@CR3], [@CR12], [@CR14]\]. Further evidence from cross-species analysis with chimpanzees revealed that follicular number, a marker of menopausal status, has been conserved over the course of human evolution \[[@CR8], [@CR15], [@CR16]\]. Similarities in the age at reproductive cessation and primordial follicular patterns between chimpanzees and humans suggest that menopause can be considered a fixed trait of ape evolution \[[@CR8], [@CR15], [@CR16]\]. While circumstantial evidence from anthropological data implies that menopause originated as early as the appearance of our ancestor *Homo erectus* 1.8 million years ago, it remains uncertain as to whether menopause presented itself during that era \[[@CR3], [@CR17], [@CR18]\].

There is, however, a growing body of research that may provide compelling evidence for menopause being a relatively recent evolutionary trait. Due to the distinct menopausal experiences among women, research for ethnic-specific menopause syndromes has become a topic of interest. Since menopause has a genetic basis, ethnic differences in menopause phenotype may reflect ethnic differences in their genome pertaining to menopause. While all human genomes can be traced back to an ancient African ancestor, only 8% of genetic variation between individuals differentiates populations \[[@CR19]\]. Hence, if the menopause phenotype varies across ethnicities, it provides evidence of menopause as a recently evolved trait within the last 5000 to 50,000 years, after humans migrated out of Africa and settled into different regions across continents. While past studies have claimed a universal menopausal syndrome, current findings support a link between ethnicity and health indicators pertaining to menopause \[[@CR20]--[@CR25]\]. Among menopausal vasomotor symptoms, Western women report higher rates of hot flushes than Asian women, who report muscle pain more often \[[@CR21], [@CR24]\]. Among hormonal values, rates of AMH decline, which reflect ovarian reserve, were found to be lower in African-Americans compared to white women \[[@CR23], [@CR25]\]. Disease risks associated with menopause were also found to vary with ethnicity \[[@CR23]\]. With these observations in mind, we have proposed a population genetics theory for the evolution of menopause \[[@CR10]\]. Here, we consider a second, follow-up, question: Is menopause still evolving and if so, can it de-evolve, i.e. can it be delayed? To answer this question, we need to know the nature of variation in menopause within and between populations and infer if menopause is an actively evolving trait.

The objective of this study was to investigate if menopause is a fixed or a dynamic and still-evolving trait. Understanding ethnic patterns in menopausal experiences is crucial to determine when menopause evolved, yet research lacks a wide range of ethnic groups, focusing solely on Caucasian/white women and African-American women. Important reproductive stages such as perimenopause (irregular menstruation) are also not extensively studied. To accomplish our objective, we used data from a long-term American study of multi-ethnic populations to analyze population-ethnic differences in the age of perimenopause onset and the associated hormonal changes that occur during the menopause transition.

Methods {#Sec2}
=======

Sample population {#Sec3}
-----------------

The data used for this study were obtained from the American organization the Study of Women's Heath Across the Nation (SWAN). SWAN is a longitudinal, multi-ethnic, multi-site study of middle-aged women. Data on the women enrolled in SWAN, from their baseline visit in 1996--1997 up to the tenth follow-up visit, were accessed through the publicly available datasets on ICPSR. The design of SWAN was previously published by Sowers et al. \[[@CR26]\]. The ongoing SWAN studies collect data annually either through interviewer or self-administered questionnaires across seven clinical sites in the USA, including California, Los Angeles, Detroit, Chicago, Pittsburgh, Boston, and Newark. Participants were self-identified as Black or African-American, Non-Hispanic Caucasian, Chinese, Japanese, and Hispanic (Central American, Cuban or Cuban American, Dominican, Mexican or Mexican American, Puerto Rican, South American, Spanish or other Hispanic). Eligibility into the baseline group required being 42--52 years of age with an intact uterus, at least one intact ovary, non-use of exogenous hormones during the prior 3 months, and reported a menstrual period within the last 3 months.

SWAN's baseline study in 1996--1997 consisted of 3302 pre- and perimenopausal women, of which there were 1550 Caucasians (46%), 935 African Americans (28%), 286 Hispanics (9%), 250 Chinese (8%), and 281 Japanese (9%) women. Our study used data only from the premenopausal women from the baseline collection up to their tenth visit (1996--2008), which decreased the sample size to 1727 women. The sample was further narrowed to 1242 women by excluding premenopausal women or women with no data by the end of the tenth visit. We also examined their responses for the variable OOPHORE, which tracked whether a woman underwent oophorectomy procedures, the surgical removal of one or both ovaries. Women who underwent oophorectomy procedures, which were coded as 2 ("yes") prior to perimenopause were removed, decreasing the sample size to 1151 women. Also excluded from the sample were women that lacked data the year before perimenopause was diagnosed and women with inconsistent menstruation patterns (i.e. were declared menopausal for more than 1 year, then had normal menstruation), resulting in a final sample size of 747 women. The purpose of this data scrutiny and reappraisal was to make sure that we had suitable, comparable data from all ethnic populations and that women had attended regular yearly visits for 10 years and all had completed the tenth visit.

Menopause transition stage {#Sec4}
--------------------------

In SWAN, menopausal status was declared based on a woman's menstrual bleeding pattern over the past 12 months. Women were categorized as premenopausal, perimenopausal, or menopausal. "Premenopause" referred to regular monthly menstrual cycles with menstrual cycles occurring in the past 3 months; "perimenopause" referred to irregular menstrual cycles with menstrual bleeding in the last 12 months but not in the last 3 months; "menopause" referred to no menstruation for a minimum period of 12 months. For each yearly visitation, SWAN questionnaires collected menstrual characteristics. Each woman was asked if they had bled in the past 3 months and 12 months, which were assigned the variable BLD3M and BLDNG respectively. Responses were coded as 1 ("no") or 2 ("yes") in the database. Premenopausal status was designated when 2 was coded for both BLD3M and BLDNG; perimenopausal when 2 was coded for BLDNG and 1 was coded for BLD3M; and menopausal when 1 was coded for both BLD3M and BLDNG.

In this study, we determined the perimenopause age of onset, menopause age of onset, and the duration of perimenopause for each individual in the sample. A woman's age at perimenopause onset was determined using their age at which they transitioned from premenopausal to perimenopausal status. Similarly, menopausal age of onset was the age at which they transitioned from premenopausal or perimenopausal to menopausal. The duration of perimenopause was calculated from the difference between menopausal age of onset and perimenopausal age of onset. Cases in which a woman transitioned from premenopausal to menopausal within a year (i.e. perimenopause duration was \< 1 year) were referred to as "sudden menopause". To determine the variation in perimenopause onset and menopausal age across ethnic groups, the respective mean and median ages were calculated for each ethnic group. To determine the variation in the duration of perimenopause, the mean duration was also calculated for each ethnic group, excluding women with sudden menopause.

Variation in hormone concentration {#Sec5}
----------------------------------

In SWAN, morning fasting blood was drawn annually on days 2--7 of the menstrual cycle (follicular phase) for regularly cycling women. For women that stopped menstruating or lacked a follicular phase sample, a fasting blood sample was drawn within 90 days of the follow-up visit date. Each sample was assayed for the hormones dehydroepiandrosterone sulphate (DHAS), sex-hormone binding globulin (SHBG), follicle-stimulating hormone (FSH), testosterone (T), and estradiol (E2), conducted at the RSP CLASS Laboratory at the University of Michigan. DHAS and T were measured with the automated CLASS laboratory modified ACS: 180-based chemiluminescent assay developed in the CLASS laboratory. SHBG and FSH were measured with a two-site chemiluminescent assay. E2 concentrations were measured using the estradiol-6 III immunoassay performed on the ADVIA Centaur instrument. Results are listed in the SWAN database under the variables DHAS, T, SHBG, FSH, and E2AVE, respectively.

For this paper, we examined the DHAS, SHBG, FSH, T, and E2 concentrations for each individual in the study in two time frames: the year prior to perimenopause onset and the year at menopause onset. The year of perimenopause onset was not used due to the fluctuations and high variability of hormone concentrations during perimenopause. Using these hormone concentration values from the two time frames, the absolute and relative (percentage) change in hormone concentration over the menopause transition was calculated separately for each individual. Within each ethnic group, the mean DHAS, SHBG, FSH, T, and E2 concentrations were calculated for both time frames to assess how endogenous reproductive hormone concentrations compare among ethnicities. The mean absolute and relative change in hormone concentrations over the menopause transition for each ethnic group was also calculated to analyze how the rates of increase in endogenous reproductive hormone concentrations over the menopause transition compare among ethnicities.

Statistical analysis {#Sec6}
--------------------

All variables examined in this study were compared across all ethnicities for statistical significance of differences using single-factor ANOVA and t-tests with two samples, assuming equal variances as needed in Microsoft Excel software. Results with *p* \< 0.05 were considered to reflect statistically significant differences. Multivariate analyses of sociodemographic and life style variables in SWAN data were done by Gold et al. \[[@CR9]\] and were not performed in this study.

Source of data: SWAN Study Repository: <https://www.icpsr.umich.edu/icpsrweb/ICPSR/series/00253>

Source of methodology: Sowers et al. \[[@CR26]\].

Results {#Sec7}
=======

Data from a total of 747 SWAN participants were used in this study. The number of participant varied from a low of 33 in Hispanic to a high of 354 in Caucasian (Table [1](#Tab1){ref-type="table"}). At baseline, all women were premenopausal (Fig. [2](#Fig2){ref-type="fig"}) and by the tenth follow up visit, were either perimenopausal or menopausal. A significant number of women, ranging from a low of 34% in the Japanese population to a high of 51.5% in Hispanic subjects, experienced sudden menopause, i.e. went into menopause within a year, while all other women underwent perimenopause (Table [1](#Tab1){ref-type="table"}). Of the latter, a significant portion (ranging from 24.2% in Hispanic subjects to 56.7% in Japanese subjects) finished perimenopause and entered menopause by the tenth visit. A significant number were still in perimenopause at the tenth visit (Table [1](#Tab1){ref-type="table"}). Table 1Distribution of SWAN participants by race/ethnicity based on menopause statusEthnicityTotal number of participantsWomen with Sudden MenopauseWomen with Perimenopausen (%)n (%)Ongoing (%)Finished (%)African-American181 (24.2)73 (40.3)25 (13.8)83 (45.9)Chinese, CA82 (11.0)31 (37.8)5 (6.1)46 (56.1)Japanese, JA97 (13.0)33 (34.0)9 (9.3)55 (56.7)Caucasian, NHW354 (47.2)134 (37.9)55 (15.5)165 (46.6)Hispanic33 (4.4)17 (51.5)8 (24.2)8 (24.2)Abbreviations: *SWAN* Study of Women's Health across the Nation; *CA* Chinese-American; *JA* Japanese-American; *NHW* Non-Hispanic WhitesFig. 2Ethnic-specific variation in women's age (years) of perimenopause and menopause onset by race/ethnicity. **a** Perimenopause onset distribution. Cumulative percentage of the number of people in each ethnic group that began perimenopause as a function of a women's age (years), using data obtained from SWAN Baseline to Visit 10. **b** Menopause onset distribution. Cumulative percentage of the number of people in each ethnic group that started menopause as a function of a women's age (years), using data obtained from SWAN Baseline to Visit 10

Onset age of perimenopause and menopause {#Sec8}
----------------------------------------

The overall average age of perimenopause onset across the entire sample was 51.79 ± 2.51 years (Fig. [3](#Fig3){ref-type="fig"}). The mean (± SD) age of perimenopause was almost identical among population with the exception of Hispanic which was lower by 2 years, but not significantly so (Table [2](#Tab2){ref-type="table"}). The overall average age of menopause across the entire sample was 52.63 ± 2.48 years. There were no differences in menopause age between populations, except in Hispanics where the mean age of menopause was lower by 2 years (50.84 years). Fig. 3Age distribution of participating women by race/ethnicity at SWAN Baseline. Percentages of (**a**) African-American women, **b** Chinese and Chinese-American women, **c** Japanese and Japanese-American women, **d** Caucasian and non-Hispanic White women, and **e** Hispanic womenTable 2Mean age (years) at perimenopause and menopause onset, and duration of menopause transitionEthnicityAverage Age at Baseline (Yr.) (Range)Average Age at Perimenopause Onset (Yr ± SEM) (Range)Average Age at Menopause (Yr ± SEM) (Range)Average Duration of MT (Yr ± SEM) (Range)African American45.6 (42--51)51.87 ± 0.24 (45--58)52.46 ± 0.20 (46--58)1.34 ± 0.07 (1--4)Chinese, CA45.6 (42--51)51.55 ± 0.36 (47--58)52.44 ± 0.26 (48--58)1.35 ± 0.08 (1--3)Japanese, JA46.0 (42--52)51.92 ± 0.25 (45--58)52.88 ± 0.20 (45--58)1.33 ± 0.08 (1--3)Caucasian, NHW45.7 (42--53)51.90 ± 0.18 (45--60)52.85 ± 0.15 (46--60)1.27 ± 0.04 (1--4)Hispanic47.1 (42--52)49.94 ± 0.66\* (45--56)50.84 ± 0.60\* (46--56)1.12 ± 0.13 (1--2)Abbreviations: *SWAN* Study of Women's Health Across the Nation; *CA* Chinese-American; *JA* Japanese-American; *NHW* Non-Hispanic Whites; *Yr* year; *SD* standard deviation; *MT* menopause transition. Values are **from SWAN baseline to visit 10.** \* represents significant difference (*P* \< 0.05). For sample size see Table [1](#Tab1){ref-type="table"}

The Hispanic population showed significant differences in the average age of perimenopause and menopause, but there was considerable heterogeneity in Hispanic samples originating from different Central American countries (Fig. [2](#Fig2){ref-type="fig"}). The significant differences in perimenopausal and menopausal age in the Hispanic population may be due to the slightly older age of the women participating in this study (Table [1](#Tab1){ref-type="table"}, Fig. [3](#Fig3){ref-type="fig"}). No significant differences were observed for either perimenopause age or menopause age between all other populations (*P* = 0.83 and 0.26, respectively). Japanese women experienced perimenopause and menopause the latest among the ethnic group, although the difference was again found to be non-significant.

Interestingly, while there is a wide window around the mean age of menopause, the average length of perimenopause, in years, across the entire sample was rather small: 1.30 ± 0.58 years. What this means is that, once a woman goes into perimenopause, she can expect to transition into full menopause within one to 2 years. Differences in the length of perimenopause were statistically not significant across ethnicities (*P* = 0.76), lasting approximately 1.3 years (Table [2](#Tab2){ref-type="table"}). The overall duration of perimenopause decreased as women approached the age of 50 years (Fig. [4](#Fig4){ref-type="fig"}). Fig. 4Average duration of perimenopause as a function of perimenopause age of onset by race/ethnicity. Duration was obtained from age of onset of perimenopause and menopause using data from SWAN Baseline to Visit 10. Data shown as a mean ± SEM of women in each ethnic group

Serum hormone concentrations {#Sec9}
----------------------------

Relative and absolute levels of hormones are shown in Table [3](#Tab3){ref-type="table"} and plotted in Fig. [5](#Fig5){ref-type="fig"}. Before going to individual hormones, some general patterns were noticeable. Firstly, populations appeared to harbor varying levels of premenopausal and menopausal levels of hormones: DHAS was significantly different for both pre- and menopausal women, FSH showed significant difference only for menopausal (and not premenopausal), SHBG has significant difference only for premenopausal women (and not menopausal), T was significantly different for only menopausal (not pre), and E2 showed no significant differences in either premenopausal or menopausal women. Secondly, populations varied in the ranking of their hormone levels, meaning that no population has consistently high or low levels for all hormones. Finally, in general, for any given hormone, the levels seemed to increase or decrease similarly among populations, which suggests that relative changes may be more important than the absolute amount of a given hormone. Table 3Mean absolute and relative (percent) increase in reproductive hormone values over the menopause transition by race/ethnicityEthnicityAfrican AmericansChinese, CAJapanese, JACaucasian, NHWHispanic**DHAS (ug/dL)**0.47 (−92.8--178.8)−13.80 (−188.3--201.9)− 0.94 (− 149.1--129.6)1.24 (−170.9--227.6)−23.21 (− 200.5--80.7)**DHAS (%)**8.55 (−68.7--444.8)4.85 (− 81.6--604.7)8.66 (− 64.7--291.7)9.86 (− 82.4--250.9)0.20 (− 78.9--130.8)**FSH (mIU/mL)**27.86\* (−93.0--181.8)29.51\* (− 102.8--188.7)44.91\* (− 47.6--225.3)39.61\* (− 78.7--185.3)5.39\* (−26.3--79.4)**FSH (%)**157.77 (−84.0--1986.1)145.00 (− 72.4--1238.0)224.19 (−65.8--5364.3)184.59 (−89.1--2404.7)114.75 (−54.9--680.0)**SHBG (nM)**1.63 (− 109.6--149.9)7.33 (− 98.8--145.9)9.08 (− 117.6--108.9)4.81 (− 97.2--137.5)6.45 (− 34.9--38.4)**SHBG (%)**51.51 (−76.9--3848.0)53.10 (− 76.77--782.14)37.31 (− 68.8--414.7)26.88 (− 81.4--670.7)21.15 (− 38.0--107.6)**T (ng/dL)**15.97\* (−27.7--226.8)3.00\* (− 35.3--62.1)4.10\* (− 45.4--67.0)3.54\* (− 52.5--129.6)18.89\* (− 14.8--81.4)**T (%)**61.51\* (−87.1--704.4)9.81\* (− 79.2--149.4)24.57\* (− 59.0--259.1)26.24\* (− 85.7--664.2)113.83\* (− 52.9--767.9)**E2 (pg/mL)**− 29.29 (− 483.2--240.0)−21.16 (353.8--1158.3)−35.94 (− 723.8--549.6)−45.42 (− 531.0--195.4)−40.38 (− 340.0--22.2)**E2 (%)**29.05 (− 94.9--3000.6)25.12 (− 97.6--1421.5)−0.54 (− 99.2--2224.9)−7.24 (− 98.05--962.56)−4.77 (− 94.5--223.6)Abbreviations: *SWAN* Study of Women's Health Across the Nation; *DHAS* dehydroepiandrosteronesulphate; *FSH* follicle-stimulating hormone; *SHBG* sex-hormone binding globulin; *T* testosterone; *E2* estradiol; *CA* Chinese-American; *JA* Japanese-American; *NHW* Non-Hispanic Whites. The values are from SWAN baseline to visit 10; values in parentheses are range: the first dash means a decrease in the level of the hormone; the second dash is for range. \* represents significant difference (*P* \< 0.05); For sample size see Table [1](#Tab1){ref-type="table"}Fig. 5Ethnic specific variation in hormone levels associated with the menopause transition by race/ethnicity. Values shown as the mean of women in each ethnic cohort for the year prior to perimenopause onset (considered "premenopause") and the year of menopause onset. Blood values for (**a**) DHAS. ANOVA indicated a significant difference in premenopausal and menopausal DHAS levels across ethnicities (*P* = 3.7E-7 and *P* = 9.3E-4, respectively). **b** FSH. ANOVA indicated a significant difference in menopausal FSH levels across ethnicities (*P* = 0.0099), while premenopausal FSH levels did not differ significantly (*P* = 0.52). **c** SHBG. ANOVA indicated a significant difference in premenopausal SHBG levels across ethnicities (*P* = 0.03), while menopausal SHBG levels did not differ significantly (*P* = 0.09). **d** T. ANOVA indicated a significant difference in menopausal T levels across ethnicities (*P* = 0.09), while premenopausal T levels did not differ significantly (*P* = 0.51). **e** E2.ANOVA determined no significant difference in E2 values was found between ethnicities in both premenopausal and menopausal women (*P* = 0.4, 0.25 respectively)

Across all ethnicities, absolute and relative (percent) amount of FSH, SHBG, and T levels increased when transitioning from premenopausal to the menopausal stage (Table [3](#Tab3){ref-type="table"}, Fig. [5](#Fig5){ref-type="fig"}). Relative changes in the levels of DHAS tended to increase for all ethnicities, whereas absolute increases in DHAS were observed for only African-Americans and Caucasians. Absolute E2 changes tended to decrease across all ethnicities but, relatively, E2 only decreased in Japanese, Caucasian, and Hispanic women. Relative and absolute changes in serum DHAS, SHBG, and E2 concentrations did not differ significantly across ethnicities. Relative increases in serum FSH levels did not differ significantly across ethnicities (*P* = 0.70), but the absolute increase differed significantly across ethnicities (*P* = 0.01). Absolute increases in serum FSH levels in African-American and Hispanic women were significantly lower than in Japanese and Caucasian women. Relative and absolute increases in serum T levels also differed significantly across ethnicities (*P* = 1.1E-4, 5.45E-5). African-Americans and Hispanic women had significantly greater increases in relative and absolute T concentrations than Caucasians, Chinese, and Japanese women.

Discussion {#Sec10}
==========

Insight into the association between ethnic diversity and the characteristics of a woman's menopause transition may provide evidence for the timing of the appearance of menopause in human evolution. In this study, we evaluated perimenopause and menopause age, perimenopause duration, and the associated reproductive hormonal changes in a longitudinal, multi-ethnic sample from the cross-sectional study SWAN \[[@CR9]\]. While the results of this study revealed lack of a consistent ethnicity-specific difference in the timing of the menopause transition, there were significant changes in the associated hormones which, together with variations within populations in the menopause "window" and population-specific variation in menopausal symptoms, are suggestive of menopause as a recently evolved and still evolving trait in human evolution.

Before discussing the significance of these results, it is important to state the rationale for this study. From the women's health point of view, it is important to know if menopause is still evolving and, if so, can it de-evolve, i.e. can it be delayed or even eliminated. To be able answer this question, we need to know the nature of variation in menopause. The SWAN study (and many others reviewed by Gold et al. \[[@CR9]\]) looked into the effect of lifestyle factors on menopause. Controlling for sociodemographic, lifestyle, and health factors affecting the final menstrual period (FMP), Gold et al. \[[@CR9]\] found that "racial/ethnic groups did not differ in age at the FMP. Higher educational level, prior oral contraceptive use, and higher weight at baseline, as well as being employed, not smoking, consuming alcohol, having less physical activity, and having better self-rated health over follow-up, were significantly associated with later age at the FMP". These results suggest that menopause is a complex trait, but it is interesting to note that, in spite of the effect of socioeconomic factors, the onset-age "window" of menopause remains more or less stable from population to population (Fig. [2](#Fig2){ref-type="fig"}). Our reduced data set was designed to increase the chances of discovering ethnic differences in the onset age of menopause; we found it to vary significantly in Hispanic population only. In the following, we review our findings and use them to propose a model of "shifting mate choice-shifting menopause" and predict that there is population variation in the onset age of perimenopause and that the shifting patterns of mate choice and marriage will lead to a shift, a delay in the onset age of menopause.

Ethnic variation in perimenopause age {#Sec11}
-------------------------------------

At present, this is the first assessment of the age of perimenopause onset in a multi-ethnic sample. This study has identified a significantly earlier perimenopause onset in women of Hispanic descent compared to women of Caucasian, African-American, Chinese, and Japanese descent. Hispanics experience perimenopause approximately 2 years earlier, which suggests that changes in the reproductive systems are still taking place and that menopause has not stopped evolving separately in each population. While this result may be suspect because of small sample size and heterogeneity among samples originating from different Central American countries, as we show below, other studies have reported similar results.

Previous perimenopause literature is highly limited. Mentions of perimenopause age in other literature are either not quantified or they refer to the mean age of women in the perimenopause cohort, rather than onset age. Of the feasible literature, McKinlay et al. \[[@CR27]\] has reported the inception of perimenopause to be 47.5 years, earlier than determined in our study (51.8 years). It should be noted that McKinlay et al.'s \[[@CR27]\] perimenopause age was not specific to any ethnicity and was limited to women in Massachusetts. Sammel et al. \[[@CR28]\] also examined the menopause transition across ethnicities, albeit limited to Caucasians and African-Americans. The specific age was not listed, but it was found that African-American women entered perimenopause earlier than Caucasians, a finding that was not observed in this study \[[@CR28]\]. Differences in the reported age in McKinlay et al.'s \[[@CR27]\] study and the variation in African-American and Caucasian women perimenopause age of onset in Sammel et al.'s \[[@CR28]\] study can be attributed to definition bias introduced in our study. Other studies define perimenopause onset using early perimenopause (menstrual irregularity). In contrast, we used late perimenopause (3 to 11 months of amenorrhea) due to a change in the questionnaire following the 1997--1999 follow-up (SWAN), which led to overestimation of perimenopause onset age. It is likely that a change in perimenopause definition will yield results similar to other studies, as our results are consistent with Sammel et al.'s \[[@CR28]\] finding that entry into late perimenopause did not differ significantly between African-American and Caucasian women. Although it is probable that the definition of perimenopause influenced observed trends, it is likely that an ethnic variation in perimenopausal age exists. Perimenopause age in Indian women was reported to be 44.69 years, which is prominently earlier than any reported perimenopause age for US women as a whole and thus suggestive of differential biological timing of perimenopause present among populations \[[@CR29]\]. More studies with diverse population samples are needed.

Ethnic variation in menopause age {#Sec12}
---------------------------------

In agreement with wide variation in menopause age across women worldwide, heterogeneity in menopausal age among ethnicities was found only in Hispanics in our study. Hispanic women experienced menopause 2 years earlier than women of other ethnicities, which mimics the results found for perimenopause age. Again, this result may due to small sample size, but several studies have reported a 2 year difference in menopausal age between Hispanic and Caucasian women \[[@CR30]--[@CR32]\]. Age of menopause in Hispanic populations has been reported at 48.5 years for 15 countries across Latin America and 47.9 years in Mexican women, whereas Caucasian populations experience menopause at 50 years \[[@CR33], [@CR34]\]. Despite the higher menopausal age recorded in this study (51 vs. 53 years; Fig. [2](#Fig2){ref-type="fig"}), which was attributed to differences in methodology, our findings support previous literature. Furthermore, we suggest this difference is unlikely to be the result of lifestyle factors such as smoking prevalence, which accelerates menopause by 1--2 years \[[@CR27], [@CR32], [@CR35]\]. Previous analysis of SWAN participants have shown that smoking frequency was lower among Hispanics than Caucasians and African Americans, which was consistent with other studies \[[@CR36], [@CR37]\]. Hence, the earlier onset in Hispanic women may be due to a different biological clock for the timing of menopause onset compared to other ethnicities.

Studies of candidate gene polymorphisms affecting menopausal age have found that the rs16991615 SNP in *MCM8* locus, a gene involved in the repair of double-stranded DNA breaks reduces age at menopause by 2.3 years for Hispanic women \[[@CR38]\]. The samers16991615 SNP exerts the opposite result in Caucasian women, increasing menopausal age by 0.82 years \[[@CR39]\]. The effect of an SNP may vary according to ethnicity, which suggests that menopause may have co-opted different genes in ancestral Hispanic populations.

Whether a difference in menopausal age between African-Americans and Caucasians exists is unclear. Bromberger et al. \[[@CR35]\] proposed that African-American women experience menopause 6 months to a year earlier than Caucasian women. This seems plausible given that studies of African women, specifically from Ghana and Nigeria, determined that menopause occurred at 48--49 years, which is earlier than Caucasian women \[[@CR30], [@CR32], [@CR34]\]. In contrast, several studies did not report differences in menopausal age between Caucasians and African-Americans \[[@CR28], [@CR30], [@CR31]\]. Our findings support the latter, as both the mean and median menopausal age in both ethnicities was similar. It is possible that the small African American sample size (*n* = 19) and high percentage of smokers could have contributed to Bromberger et al.'s \[[@CR35]\] observations.

The similarity in menopausal age observed in both African-American and Caucasian women led us to expect similar evolution of menopause in their ancestral populations. Interestingly, however, many of the Caucasian associated SNPs studied in candidate gene polymorphisms associated with menopause age were poorly replicated or not replicable in African-Americans in GWAS studies, which suggest that African-Americans are not as similar to Caucasians as initially believed \[[@CR39], [@CR40]\]. Given the high linkage disequilibrium, African-Americans were suggested to have a variant of the SNP at the associated loci, although it was not identified \[[@CR39], [@CR40]\]. If variants exist in African-Americans, it is possible that the effect of the variant would be similar to the Caucasian SNP to result in the similar phenotype (i.e. menopause age) observed between these two ethnicities. This seems plausible since the SNP findings were able to be replicated in African Americans, such as the rs365132 SNP at the *UIMC1* locus, with effects similar to Caucasians (i.e. increased menopausal age by \~ 0.4 years) \[[@CR40]\]. Further research is required to determine the variation between Caucasians and African-Americans, as SNPs associated with menopause onset in African-Americans have not been well-studied.

Menopausal age for Chinese women from China and Singapore and Japanese women from Japan was roughly 50 years in both populations, which resembles the Caucasian menopausal age \[[@CR34], [@CR41]--[@CR44]\]. Concurrent with our results, similarity in menopausal age between Caucasian, Chinese, and Japanese women have been reported in the literature \[[@CR42], [@CR45]--[@CR47]\]. Several SNPs associated with menopausal age in Caucasians were replicated to the same effect and direction in Chinese women from Shanghai, suggesting that there are some shared menopausal evolutionary traits between these two ethnicities \[[@CR48]\].

Recent studies have suggested that Japanese women entered menopause at later ages than Caucasian women \[[@CR28], [@CR30], [@CR31], [@CR37]\]. While the mean menopausal age did not differ significantly between Caucasian and Japanese women in our study, we did observe a higher percentage of Japanese women entering perimenopause and menopause later than other ethnicities, which supports past findings \[[@CR28], [@CR30], [@CR31], [@CR37]\]. If differences in menopause age exist between the two ethnicities, this may indicate differences in menopause affecting loci. One study reported several SNPs associated with menopause age in Caucasians could not be replicated in Japanese women in GWAS studies; however this was a very small study \[[@CR39]\]. Further research is needed to determine whether or not Caucasian SNPs can actually be replicated in Japanese women or whether other variants exist.

Ethnic variation in the duration length of perimenopause {#Sec13}
--------------------------------------------------------

This is also the first study reporting the duration of perimenopause among different ethnic groups. In spite of the heterogeneity in the timing of the menopause transition, our findings show that the length of perimenopause was consistent across all ethnicities (Fig. [4](#Fig4){ref-type="fig"}). The duration of perimenopause appears negatively correlated with the age of menopause. This result presents the possibility that the intrinsic mechanisms underlying the progressive loss in ovarian function from the perimenopause to menopause stage is shared among individuals. Combined with the data for timing of the menopause transition, it is hypothesized that the timing of onset is what separates the menopause phenotype between ethnicities, as opposed to the duration. Future research can be directed to understanding why and how the timing of menopause has been shifted in different populations over the course of human evolution to result in the current ethnic variation in the onset of the menopause transition. One evolutionary theory explores the idea that women of ancestral populations with lower female biased dispersal would experience earlier menopause, although the required information about ancestral ecologies in these populations is lacking \[[@CR49]\].

McKinlay et al. \[[@CR27]\] determined the length of perimenopause to be 3.7 years, which was markedly higher than the 1.3 years reported in this study. Again, this can be partly attributed to the definition bias of perimenopause, which would have led to an underestimation of the perimenopause duration in this study (Fig. [4](#Fig4){ref-type="fig"}). Alternatively, the methodological differences used to determine the duration was also a factor. For example, McKinlay et al. \[[@CR27]\] determined duration by subtracting the mean age of menopause from perimenopause onset. This could lead to under/overestimation of the duration since it was not representative of the duration in individuals. There is individual variation in duration of perimenopause; hence, the duration should be determined by averaging the duration in each individual, which was done in this study. Future studies in perimenopause length are encouraged to average individual duration for greater accuracy of the duration. Additionally, further research is needed to determine if the similarity in duration in ethnic groups still exists when early perimenopause is used to define perimenopause onset, as opposed to late perimenopause.

Ethnic variation in hormone concentrations {#Sec14}
------------------------------------------

Across all ethnicities, E2 concentrations declined over the menopause transition, as expected. As the menopause transition progresses, there is progressive loss of ovarian follicles, which produces E2, leading to overall reduced E2 levels \[[@CR32]\]. Consistent with studies conducted by Randolph et al. \[[@CR50]\] and Kim et al. \[[@CR51]\], mean E2 levels did not differ significantly across ethnicities. Similarities between E2 levels across ethnicities may be linked to earlier observations of the perimenopause duration. Klaiber et al. \[[@CR52]\] noted that women with lower E2 levels had shorter menopause transition duration. Since all ethnicities were similar in E2 levels, the duration was not expected to differ between ethnicities, which are consistent with our results.

Since changes in E2 are correlated to changes in FSH, we did not expect differences in serum FSH across ethnicities either. However, we found a significantly lower FSH increase in Hispanics and African-Americans compared to other ethnicities during the menopause transition. These ethnic differences in FSH levels were thought to be linked to ethnic variation in pituitary-ovarian feedback during the menopause transition, such as variation in estrogen sensitivity \[[@CR53]--[@CR55]\]. Greater sensitivity to estrogen decline is associated with higher FSH levels, as estrogen is a negative regulator of FSH. Examination of polymorphisms in *ESR1*, which codes for an estrogen receptor, has shown that the rs2234693 polymorphism was significantly associated with Caucasian women menopause onset, although further research is needed for other ethnicities \[[@CR56]\]. In contrast, other studies have reported higher FSH levels in Hispanics and African-Americans, regardless of menopausal status \[[@CR50], [@CR53]\]. This was attributed to the lack of adjusted BMI hormonal values in our study and different hormonal collection times. Fundamentally, both our results and Randolph et al.'s \[[@CR50], [@CR53]\] have consistently noted an ethnic difference in FSH levels.

Similar to FSH levels, there was an ethnic difference in the increase of T levels across the menopause transition. Premenopausal T concentrations did not vary among ethnicities, but in menopausal women, T was significantly higher in Hispanic and African-American women compared to other ethnicities, suggestive of ethnic differences in T metabolism over the menopause transition. Literature to support this observation is scarce because T assays have difficulties reporting the low T concentrations in women, making it challenging to study in menopausal women \[[@CR57]\]. A study by Luckey et al.'s \[[@CR58]\] provides a possible indicator of ethnic differences in T metabolism by examining rates of bone loss during the menopause transition, as lower T levels are suggested to contribute to greater bone loss. In Luckey et al.'s \[[@CR58]\] study, African-American women were found to have lower rates of bone loss than white women, suggestive of higher T levels in African-Americans, which is consistent with our findings in this study. Other studies have found lower T levels for African-Americans and Hispanics compared to other ethnicities, which was attributed to BMI adjusted values \[[@CR50], [@CR51]\]. Overall, we can affirm that ethnic variation for T levels exists.

Several studies have correlated changes in SHBG to changes in T, which may suggest that ethnic differences in T could be attributed to ethnic differences in SHBG during the menopause transition \[[@CR59], [@CR60]\]. This was unlikely given that ethnic differences in SHBG in menopausal women and SHBG rate of increase over the menopause transition were not observed, which was consistent with findings from Burger et al. \[[@CR59]\]. Alternatively, studies have found associations between DHAS and T, which may also suggest ethnic differences in DHAS as a factor for ethnic differences in T \[[@CR60], [@CR61]\]. While ethnic differences were noted in DHAS levels in both premenopausal women and menopausal women, no ethnic differences were found in the rate of DHAS increase. Similar findings have also been reported in other studies \[[@CR59]\]. It thus seems that ethnic differences in DHAS changes are not specifically associated with the menopause transition, and is unlikely to be the cause of ethnic differences in T during the menopause transition, so other factors are likely responsible for the ethnic differences in T changes. One possibility involves androstenediol, which is secreted similarly to DHAS during the menopause transition \[[@CR62]\]. Its concentrations are thought to affect the balance of androgens over the menopause transition, hence research determining if ethnic differences exist for androstenediol, along with other possibilities for the ethnic differences in T, would be beneficial \[[@CR62]\].

As mentioned before, there are several limitations to this study. The first is regarding the participants. The age of participants was limited to 42--55 years, which may have biased the perimenopause and menopause age to older ages. This may not be a significant limitation, given that, in a study done by Luborsky et al. \[[@CR37]\], they reported ethnic variation in premature menopause (menopause age \< 40 years) consistent with our study. The exclusion of women with inconsistent bleeding patterns in this study could also have biased the results. Although not shown, we retested our findings with these exceptions added, but overall the findings remained the same. Secondly, late perimenopause was used to define perimenopause onset, leading to an overestimation of perimenopause age, underestimation of menopause duration, and irregularity in premenopausal hormone values. Additionally, use of BMI adjusted hormonal values could have altered our findings, as BMI has been shown to affect hormonal values significantly, positively for T and negatively for all other tested hormonal values \[[@CR53]\]. It is also possible that hormone therapy could have interfered with our findings; however, as explored by Kim et al. \[[@CR51]\], hormone therapy does not deviate from the results comparing ethnicities; rather, it only reduces the differences between groups.

A "shifting mate choice-shifting menopause" model of female fertility {#Sec15}
---------------------------------------------------------------------

The main results regarding variation in age of menopause, from this study as well as others, can be summarized as follows. Firstly, all human populations, regardless of socioeconomic status, show a roughly 15-year window of menopause (45--60 Yr), which means that there is plenty of variation within populations. Secondly, many lifestyle factors are known to affect the age of menopause, but with the exception of premature menopause, the menopause window persists in all populations. Thirdly, there are no significant ethnic differences in the onset age of perimenopause, presumably because there has not been sufficient time since the origin of menopause to produce such differences. Furthermore, as we show below, the absence of variation among populations may indicate the role of similar mate choice mechanisms (i.e. male preference for younger mates) operating in all human populations. Fourth, there are significant changes in the levels of associated hormones within as well as between populations. Finally, different populations show ethnicity/race-specific menopause symptoms; for example, vasomotor symptoms were more common in Afro-American and Hispanic women than in other ethnicities \[[@CR63]\]. This suggests a role of both biological and cultural factors. We take these results to mean that menopause is a relatively recent trait, and most variation in the trait is present within populations with relatively little variation between populations. This is not surprising in view of what is known about human genetic variation in general \[[@CR19]\].

We use these results to extend the mate choice theory of menopause \[[@CR10]\], which holds that menopause is the result of men's preference for younger mates, leading to the accumulation of deleterious mutations affecting fertility in women deprived of reproduction. We propose (1) that the present menopause window (roughly 45--60 years) is directly related to the "mate choice window" in the present-day human population (roughly 15--30 years); (2) that the lack of between-variation in perimenopause is the result of a similar mate choice system operating in all human populations; and (3) that changing patterns of mate choice/marriage will ultimately lead to a shift in the onset age of menopause. This shift will not occur immediately as the pressure from the shifting mate choice will only have its effect if women of premenopausal age will choose to engage in reproduction. Under the mate choice theory, menopause is a transient phase of male-imposed female fertility and it will be delayed with changing patterns of delayed mate choice/marriage and reproduction.

Clinical significance {#Sec16}
---------------------

To allude to the clinical significance of this study we introduce Mayr's concept of *proximal* and *ultimate causes* \[[@CR64]\]. Clinical practices are based on proximal causes of the disease and proximal or immediate cure or relief to the patient. Evolutionary studies, as the present one, relate to the ultimate causes and while they may not help the clinicians or the patients in the short term, they provide an evolutionary framework for understanding the disease and the variable symptoms and treatment response between patients in the long term. Menopause is not a disease; it is an evolutionary consequence of reproductive behavior imposed by mate choice practices in the long past. Our study shows that menopause is not an invariable trait and the results from this study will provide basis to help design personalized treatment. Integrated studies involving longitudinal menopausal studies linked with genomics and hormonal studies with diverse ethnic populations can provide valuable information bearing on women's health and personalized medicine.

Conclusions {#Sec17}
===========

This study allows us to reach two conclusions. From evolutionary perspective, the substantial variation in age at menopause within populations and the modest variation in hormonal changes and menopause symptoms between populations, together with the intact retention of "non-ovulatory reproductive system" in menopausal women suggests that, evolutionarily speaking, menopause is a relatively recent trait and is still evolving. The mate choice theory of menopause \[[@CR10]\] predicts that, as the age of mate choice and marriage shift upward, so will the age at menopause as mate choice and menopause are causally connected. Future research should focus on examining menopause phenotypes in other ethnicities and see if the evolution of menopause and associated genetic polymorphisms can be linked to the known historic-geographic patterns of human evolution.

From health perspective, there is ethnic variation in the menopause phenotype that is consistent with other studies, specifically in age at perimenopause and menopause, and in FSH and T hormonal changes. Data from this report supports the finding that at least two distinct categories for the menopause phenotype exist: (1) earlier timing of menopausal transition with lower FSH and higher T levels, associated with African-American and Hispanic women, and (2) later timing of menopause transition with higher FSH and lower T levels, associated with Caucasian, Chinese, and Japanese women. In view of the fact that sex and reproduction-related genes have been shown to evolve quickly and that sex hormones provide a susceptible target of change, these menopause phenotypes open up the possibility of experimental manipulation of hormones as a personalized menopause therapy.

These results show potential for the continued evolution of menopause and possibly delayed appearance of menopause, allowing women more time for family planning.
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